Study Design. Human cadaveric ilio-lumbosacral spines were tested in an in vitro biomechanical fl exibility experiment to investigate the biomechanical stability provided by four different types of spinal reconstruction techniques after spondylectomy of the L5 vertebral body. Objective. To compare the biomechanical stability provided by four reconstruction methods after L5 spondylectomy. Summary of Background Data. Clinical studies have shown that total spondylectomy of the L5 vertebral body presents a challenging scenario for spinal reconstruction. Biomechanical studies on spinal reconstruction after total spondylectomy have been performed at the thoracolumbar junction. However, there have been no biomechanical studies after L5 spondylectomy. Methods. Seven cadaveric lumbosacral spines (L2-S1) with intact ilium were used. After intact testing, spondylectomy of the L5 vertebra was performed and the spine was reconstructed using an expandable cage for anterior column support. Supplementary fi xation was performed as a sequential order of: (1) bilateral pedicle screws at L4-S1 (SP), (2) anterior plate and bilateral pedicle screws at L4-S1 (ASP), (3) bilateral pedicle screws at L3-S1 and iliac screws (MP), and (4) anterior plate at L4-S1, bilateral pedicle screws at L3-S1 and iliac screws (AMP). Range of motion (ROM) for each construct was obtained by applying pure moments in fl exion, extension, lateral bending, and axial rotation. Results. In fl exion, extension and lateral bending all the instrumented constructs signifi cantly decreased ( P < 0.05) the range of motion (ROM) compared to intact. In axial rotation, only the circumferential support constructs (ASP, AMP) provided signifi cantly decreased ( P < 0.05) ROM, whereas posterior instrumentations alone (SP, MP) were comparable to intact spines.
A ccumulating evidence shows that a proactive surgical approach to primary and secondary spine tumors is benefi cial for the patient's quality of life as well as survival. 1 -3 In this respect, the most radical surgical techniquespondylectomy-is increasingly used in the surgical management of these patients. 4 -8 Spondylectomy of the L5 vertebra represents a particular surgical challenge. Anatomically, the L5-S1 functional spinal unit is the last mobile segment of the spine. The L5 vertebra is the largest of the whole vertebral column, which is situated at the point of greatest lumbar lordosis, and is fi xed to the pelvis by strong ilio-lumbar ligaments. When performing L5 spondylectomy as a single-stage posterior approach, the large L5 nerve root obscures the cage placement. In the case of anterior approach, bifurcation of the aorta and inferior vena cava makes cage and anterior plate placement diffi cult. 9 Complete removal of the L5 vertebra leads to lumbarpelvic disconnection. This particular spinal instability necessitates proper postresectional stabilization. Unfortunately, there is no consensus as to the extent of adequate stabilization after L5 spondylectomy reported in the literature. The few case reports on this topic provide a range of solutions. Some authors promote a posterior approach alone with expandable cage placement and short segment instrumentation L4-S1. 10 , 11 Others report addition of an anterior plate L4-S1 to the existing posterior short segment stabilization. 9 Finally, some authors advocate an extensive combined posterior-anterior approach with instrumentation from L2-L3 to S1-ilium and an anterior L4-S1 plate. 12 Similarly, there is no experimental study assessing the biomechanics of L5 spondylectomy and L4-S1 stabilization. Indirect information is provided by biomechanical studies performed on thoracolumbar spinal segments. 13 -16 Complete resection of the L5 vertebra is the fi rst line treatment strategy in selected patients with primary and secondary tumors of the spine. Despite excellent outcomes and quality of life results promoting L5 spondylectomy, biomechanical studies establishing an experimental-scientifi c background for the safe postresectional instrumentation are completely lacking.
The purpose of this biomechanical study was to establish the optimal extent of instrumentation required after L5 spondylectomy in a human lumbosacral spine with the ilium.
MATERIALS AND METHODS

Specimen Preparation
Seven fresh human cadaver lumbosacral spines (L2-S1) with intact ilium were used in this investigation. The specimens were obtained from Science Care® (Phoenix, AZ) tissue bank. The specimens were harvested from fi ve female and two male cadavers (mean age of death, 54 ± 5 years). Dual energy radiograph absorptiometry (QDRA-010, Hologic Discovery, Waltham, MA) was used to quantify the bone mineral density of the lumbosacral spines (mean bone mineral density, 0.97 ± 0.26 g/cm 2 ). The spines had been radiographed previously in the anteroposterior and lateral planes to ensure the absence of fractures, deformities, and any metastatic disease. The spines were carefully denuded of paravertebral musculature while preserving the spinal ligaments, joints and disc spaces. Each spine was potted proximally at L2 and distally at S1 in a 3:1 mixture of Bondo auto body fi ller (Bondo MarHyde Corp., Atlanta, GA) and fi berglass resin (Home-Solution All Purpose Bondo MarHyde Corp., GA). Plexiglas markers, each having three infrared lightemitting diodes were secured rigidly to the anterior aspect of L2, L3, L4, and S1 vertebral bodies via bone screws to track its motion with Optotrak Certus (NDI, Inc. Waterloo, Canada) motion analysis system. The location of the markers (denoting a rigid body) was approximately aligned sagitally along the curvature of the spine. The Optotrak Certus software was able to superimpose the coordinate systems of two adjacent vertebral bodies to inferentially determine the relative eularian rotations in each of the three planes.
Flexibility Testing
The caudal sacrum was fi xed to the load frame of a custom built six degree of freedom spine simulator and a pure moment was applied to the L2 vertebra through servomotors ( Figure 1 ). 17 The specimen was maintained moist throughout the test by spraying it with 0.9% saline. All tests were carried out at room temperature of 25 ° C. Each of the test constructs were subjected to three load-unload cycles in each of the physiologic planes generating fl exion, extension, right-left lateral bending, and right-left axial rotation load displacement curves. This was achieved by programming the motors to apply continuous moments in each physiologic plane. A typical load-unload cycle in the sagittal plane composed of neutral − full fl exion + full extension (three times) − neutral. Data from the third cycle were considered for analysis. The design of the load frame enables unconstrained motion of the spine in response to an applied load. There was no compressive preload applied on the specimen. A load control protocol was used to apply a maximum moment of ± 6 Nm at a rate of 1 ° /sec. 17 , 18 The three-dimensional intervertebral rotation was obtained from the Optotrak Certus data fi les in the form of Euler angles (degrees) about the X, Y and Z axes: + R x / − R x , + R y / − R y , and + R z / − R z denoting fl exion-extension, right-left axial rotation, and right-left lateral bending range of motion (ROM), respectively. The Euler sequence used in this study was xzy.
Study Design
Each of the seven spines was initially tested in the intact state. After intact testing, bilateral pedicle screws were inserted at L3, L4, S1, and iliac levels. L4-S1 levels were connected bilaterally using titanium rods. Then the L5 spondylectomy was performed. A radiolucent expandable cage (endplates 0 ° /16 ° lordotic, 48-55 mm large) (XPand®-R Corpectomy Spacer System, Globus Medical Inc., Audubon, PA) was used for anterior column reconstruction. The after constructs were then tested in sequential order: (1) Bilateral pedicle screws and rods at L4-S1 (SP), (2) bilateral pedicle screws and rods at L4-S1 with anterior lumbar plating at L4-S1 (ASP), (3) bilateral pedicle screws and rods at L3-L4-S1 with iliac screw fi xation (MP), and (4) Bilateral pedicle screws and rods at L3-L4-S1 with iliac screw fi xation and anterior lumbar plating at L4-S1 (AMP) ( Figure 2 ). The CITADEL® Anterior Lumbar Plate System (Globus Medical Inc., PA) was used in this study. Titanium polyaxial screws (6.5 mm in diameter and 45 mm in depth) from the REVERE® Stabilization System (Globus Medical Inc., PA) were used at L3, L4, and S1 levels bilaterally and connected by 5.5-mm-diameter titanium rods. RE-VERE® iliac screws of 7.5 mm in diameter and 80 mm in depth were used. All the implants were properly sized and the implantation was carried out as recommended by the respective surgical technique. Once implanted, the screws were left in place and rods were confi gured depending on the construct. Subsequent to intact testing, the instrumented constructs were subjected to the same load control protocol for fl exibility testing as described earlier. Comparison of data were performed using one-way repeated measures analysis of variance followed by Tukey's post hoc analysis for multiple comparison procedures. Signifi cance was accepted at P ≤ 0.05.
RESULTS
Flexion
All instrumented constructs (SP, MP, ASP, and AMP) significantly reduced ROM compared to intact spine (7.7 ± 2.3 ° , P < 0.05). SP (2.7 ± 1.0 ° ) and MP (2.6 ± 1.0 ° ) constructs performed similarly without any statistical signifi cance between them ( P > 0.05). Both plating constructs (ASP and AMP) demonstrated the greatest reduction in ROM between all instrumented constructs. ASP (1.5 ± 0.8 ° ) and AMP (1.7 ± 1.1 ° ) constructs performed similarly without any statistical signifi cance ( P > 0.05) ( Figure 3 ).
Extension
A similar trend was observed whereby the instrumented constructs (SP, MP, ASP, and AMP) signifi cantly reduced ROM compared to intact spine (7.1 ± 1.8 ° , P < 0.05). SP (2.7 ± 1.2 ° ) and MP (2.2 ± 1.5 ° ) constructs performed similarly without any statistical signifi cance between them ( P > 0.05). Both plating constructs (ASP and AMP) demonstrated the greatest reduction in ROM between all instrumented constructs. ASP (1.7 ± 1.2 ° ) and AMP (1.3 ± 1.1 ° ) constructs performed similarly without any statistical signifi cance ( P > 0.05) ( Figure 3 ).
Lateral Bending
All instrumented constructs (SP, MP, ASP, and AMP) significantly reduced ROM compared to intact spine (9.3 ± 1.6 ° , P < 0.05). SP (2.4 ± 0.8 ° ), MP (1.6 ± 0.9 ° ), ASP (1.9 ± 0.8 ° ), and AMP (1.5 ± 0.9 ° ) showed similar reduction in ROM. All instrumented constructs were statistically comparable ( P > 0.05) ( Figure 3 ).
Axial Rotation
Only ASP (3.8 ± 1.4 ° ) and AMP (3.9 ± 1.2 ° ) constructs signifi cantly reduced ROM compared to intact spine (6.9 ± 1.8 ° , P < 0.05). SP (7.1 ± 2.7 ° ) construct showed an increase in ROM whereas MP (5.5 ± 1.6 ° ) construct showed a slight reduction in the ROM compared to intact spine (6.9 ± 1.8 ° ) without reaching signifi cance ( P > 0.05). ASP and AMP constructs were signifi cantly more stable than SP construct ( P < 0.05); however, no signifi cance was achieved compared to MP construct ( P > 0.05) ( Figure 3 ).
DISCUSSION
The aim of this study was to investigate the optimal extent of instrumentation required after L5 spondylectomy. To our knowledge this is the fi rst biomechanical study that investigated the stability of different reconstruction techniques after total spondylectomy at the lumbosacral junction. For this evaluation, human cadaveric ilio-lumbosacral spines were used. Human spines are ideal for performing in vitro spinal reconstruction and biomechanical testing. However, in vitro biomechanical evaluations have inherent limitations such as exclusion of the effect of muscles, weight of the torso above the instrumented level, and complex movements occurring in vivo . The 6DoF spine simulator currently does not have the capability of applying follower load (preload) to the specimen. However, work is in progress to incorporate this feature.
Case reports and short case series from the literature describe basically two surgical approaches to achieve complete resection of the L5 vertebra. The fi rst technique is the combined posterior-anterior approach. The operation starts with removal of the posterior components of the L5 vertebra and pedicle screws stabilization, followed by the anterior approach with the completion of the L5 spondylectomy, cage placement, and further anterior stabilization. 9 , 12 , 19 , 20 The second technique uses the posterior approach alone performing the L5 spondylectomy, cage placement, and posterior stabilization in one setting. 10 , 21 By this approach no further anterior stabilization such as plating is applied.
The reconstruction of the L4-S1 interspace after removal of the L5 vertebra is primordial. The expandable cages used (2) anterior plate and bilateral pedicle screws at L4-S1 (ASP); (3) bilateral pedicle screws at L3-S1 and iliac screws (MP), and (4) anterior plate at L4-S1, bilateral pedicle screws at L3-S1 and iliac screws (AMP). in this study offered several surgical advantages. Very exact adaptation of the expandable cage to the anterior column defect was possible. It helped to induce distraction forces on the adjacent endplates. However, a cage alone construct was too unstable to be tested.
Our fi ndings showed that a short posterior (SP) instrumentation construct imparts less stability than the other three constructs, especially in fl exion, extension, and axial rotation, but by a marginal amount when compared to multilevel posterior (MP) instrumentation. Disch et al 13 also reported that using SP fi xations without additional anterior plates showed higher or similar ROM values in axial rotation and extension compared to the intact state, indicating an insuffi cient primary stability. The MP instrumentation construct was marginally more stable than the SP instrumentation construct, with no signifi cant difference. Oda et al 14 also showed increased stability in long posterior fi xations compared to SP fi xation. With the addition of anterior lumbar plating (ASP, AMP), the stability of both posterior constructs signifi cantly increased in axial rotation and improved in fl exion, extension, and in lateral bending modes. The MP circumferential instrumentation (AMP) construct was more stable than SP circumferential instrumentation (ASP) construct, but demonstrated no statistical signifi cance. The addition of anterior plating to the construct improved stability, consistent with other reports in the literature. 13 , 14 The practical application of this study mostly depends on the surgical technique by which the L5 spondylectomy is accomplished. We think that our results could benefi t mostly those surgeons, who prefer the combined anterior-posterior procedure. In this scenario, the L4-S1 pedicle screw and anterior plate placement provides stability, which cannot be significantly further increased by the inclusion of L3 pedicles and the ilium. This would imply several advantages, such as shorter operative time, preservation of the L3-L4 segment, and cost.
In the case of posterior approach alone, the decision on the extent of instrumentation is much less straightforward. Based on our results, the absence of the anterior plate makes both the short and long constructs signifi cantly vulnerable to axial rotation. There is, however, a statistically nonsignifi cant tendency for the longer constructs being more stable, especially in extension, lateral bending, and axial rotation. Practically, this would infer the use of long posterior stabilization from L3 to the ilium during posterior approaches.
The effect of cross-links has not been studied in the setting of L5 spondylectomy in the literature, and neither was included in our study. Lynn studied the effect of cross-links the mechanical stability of thoracolumbar spines instrumented with pedicle screw-rod system in the T12-L2 segments. 22 The authors found that the rotational stiffness of the two-crosslink construct was signifi cantly higher than without cross-links. Lateral bending stiffness of the two-crosslink system was also higher than that of the zero-crosslink system at all levels of displacement. Measurable restoring effect on construct stability has been also demonstrated in a more recent study. 23 In the view of the aforementioned evidence we would recommend the use of cross-links, especially in the scenario of posterior approach alone, when the stabilizing effect of anterior plate is absent.
In conclusion, this in vitro biomechanical study provides data on the primary stability offered by different reconstruction techniques after L5 spondylectomy and L4-S1 cage placement. We found that the SP stabilization (L4-S1) and anterior plate (L4-S1) provide biomechanical stability that cannot be further increased by extending the posterior instrumentation to the L3 pedicles and ilium. In the absence of the anterior plate the long posterior construct (L3-ilium) has the propensity to increase the bending and rotational stability of the construct when compared the short (L4-S1) instrumentation alone.
➢ Key Points
I Human cadaveric ilio-lumbosacral spines were used for evaluating the stability imparted by four diff erent reconstruction techniques after spondylectomy at L5 level. In fl exion, extension, and lateral bending, long posterior instrumentation did not off er more stability than short posterior instrumentation. The addition of anterior plating improved the stability of the short posterior instrumentation construct in fl exion, extension, and signifi cantly increased stability in axial rotation.
In conclusion, after L5 spondylectomy supplementing the L4-S1 cage with short posterior instrumentation and anterior lumbar plate provides maximal stability in all the three planes of motion. Extending the posterior instrumentation does not signifi cantly increase this stability.
